Summary
Protein Ne-acylation is emerging as a ubiquitous post-translational modification. In Corynebacterium glutamicum, which is utilized for industrial production of L-glutamate, the levels of protein acetylation and succinylation change drastically under the conditions that induce glutamate overproduction. Here, the acylation of phosphoenolpyruvate carboxylase (PEPC), an anaplerotic enzyme that supplies oxaloacetate for glutamate overproduction was characterized. It was shown that acetylation of PEPC at lysine 653 decreased enzymatic activity, leading to reduced glutamate production. An acetylation-mimic (KQ) mutant of K653 showed severely reduced glutamate production, while the corresponding KR mutant showed normal production levels. Using an acetyllysine-incorporated PEPC protein, we verified that K653-acetylation negatively regulates PEPC activity. In addition, NCgl0616, a sirtuin-type deacetylase, deacetylated K653-acetylated PEPC in vitro. Interestingly, the specific activity of PEPC was increased during glutamate overproduction, which was blocked by the K653R mutation or deletion of sirtuin-type deacetylase homologues. These findings suggested that deacetylation of K653 by NCgl0616 likely plays a role in the activation of PEPC, which maintains carbon flux under glutamate-producing conditions. PEPC deletion increased protein acetylation levels in cells under glutamate-producing conditions, supporting the hypothesis that PEPC is responsible for a large carbon flux change under glutamate-producing conditions.
Introduction
Protein Ne-acylation is an evolutionarily conserved posttranslational modification that targets lysine residues. Since protein acylation is regulated by metabolites such as acyl-CoA and NAD 1 , this modification is thought to play a role in the regulation of protein function in response to nutrient signals and/or metabolism (Choudhary et al., 2014; Hentchel and EscalanteSemerena, 2015; Menzies et al., 2015) . A recent comprehensive, mass spectrometry-based proteomic analysis of bacteria revealed hundreds of acetylated and succinylated proteins with various functions (Hentchel and Escalante-Semerena, 2015) . Corynebacterium glutamicum is a Gram-positive bacterium that is utilized for the industrial production of amino acids such as L-glutamate and L-lysine. Our acetylome and succinylome analyses of C. glutamicum revealed that the acetylation and succinylation profiles of many enzymes are drastically changed in response to glutamate overproduction, including enzymes involved in central metabolic pathways (Mizuno et al., 2016) . However, the functions of protein acylation of most affected proteins remain to be elucidated.
The carbon flux from glucose to glutamate is increased under the glutamate-producing conditions triggered by Tween 40 (Shirai et al., 2007) . However, the expression of many enzymes responsible for the corresponding reactions is not increased under these conditions, as shown by previous transcriptome studies and our MS-based proteome studies: fba (NCgl2673), gap (NCgl1526), pyk (NCgl2008), aceE (NCgl2167), aceF (NCgl2126), lpd (NCgl0355), acn (NCgl1482), icd (NCgl0634), odhA (NCgl1084), pyc (NCgl0659), ppc (NCgl1523) and gdh (NCgl1999) showed a 6.5-and 2.5-fold decreases in mRNA and protein levels respectively (Kataoka et al., 2006; Mizuno et al., 2016) . Recently, protein modification has emerged as an important mechanism for controlling the enzymes that alter metabolic flux (Chubukov et al., 2013) . Based on these findings, we hypothesized that protein acylation might have a role in the metabolic flux changes that are not accompanied by corresponding changes in gene expression.
To explore the impact of protein acylation on metabolic flux changes during glutamate overproduction, we focused on the anaplerotic enzymes that supply oxaloacetate. Since oxaloacetate is directly linked to the biosynthesis of aspartate family amino acids, including lysine, and it also ensures carbon flow leading to glutamate production via the citrate cycle, the anaplerotic enzymes that supply oxaloacetate have been studied as genetic engineering targets for efficient amino acid production (Peters-Wendisch et al., 2001; Chen et al., 2014; Wada et al., 2016 3 ) and ATP-dependent carboxylation of pyruvate to generate oxaloacetate. Although acetyl-CoA is known as an allosteric activator of PC in many species, it acts as an inhibitor of PC in C. glutamicum (Peters-Wendisch et al., 1997; Jitrapakdee et al., 2008) . PEPC is an enzyme in the family of carboxy-lyases that catalyzes the irreversible carboxylation of phosphoenolpyruvate to generate oxaloacetate using Mg 21 as a cofactor. PEPC receives allosteric control by various ligands; the main inhibitors are aspartate and malate, as well as glutamate in C. glutamicum (Delaunay et al., 2004) , and the main activators are acetyl-CoA and fructose 1,6-bisphosphate (Kai et al., 2003) . In plants, PEPC is also posttranslationally regulated by phosphorylation (Chollet et al., 1996) ; however, to our knowledge, posttranslational control of PEPC has not been reported in bacteria. The roles of PC and PEPC in glutamate production by C. glutamicum have been determined. Under biotin-sufficient conditions, both enzymes are active (Shirai et al., 2007; Hasegawa et al., 2008) , and PC was shown to be a major anaplerotic enzyme under temperature-triggered and Tween 60-triggered glutamate-producing conditions (Delaunay et al., 1999; Peters-Wendisch et al., 2001) . In contrast, PEPC is predominant under biotin-limiting glutamate-producing conditions (Delaunay et al., 1999; Sato et al., 2008) . In this study, we showed that K653 of PEPC, which we previously identified as an acetylation site (Mizuno et al., 2016) , is critical for glutamate production in C. glutamicum ATCC13032. Through analyses of acetylation-mimic mutants and acetyllysine-incorporated PEPC proteins, we clarified that acetylation at K653 negatively regulates PEPC activity. In addition, NCgl0616 showed K653 deacetylation activity. We also provided evidence that deacetylation at K653 likely plays a role in enzyme activation to maintain PEPC-mediated flux under glutamateproducing conditions. This is the first report to describe post-translational control of PEPC by protein acetylation.
Results
Lysine 653, an acetylation site in PEPC, is critical for glutamate production C. glutamicum has two anaplerotic enzymes, PC (NCgl0659) and PEPC (NCgl1523), that supply oxaloacetate. We constructed deletion mutants of PC and PEPC to determine which of these enzymes is involved in glutamate production. As shown in Fig. 1A , following the addition of Tween 40 to induce glutamate production, glutamate production in the PC-deletion mutant MY66 was equivalent to that in the wild-type strain ATCC13032. In comparison, the PEPC-deletion mutant, MY100, showed substantially lower glutamate production than the wild type strain. This result indicated that in this strain, PEPC functions as the major anaplerotic enzyme under glutamate-producing conditions. Interestingly, either PEPC or PC was sufficient for growth on glucose-containing minimal solid medium (Fig. 1B) . This result was consistent with a previous report showing that these two enzymes can compensate for loss of the other and have some functional redundancy for growth on glucose (Peters-Wendisch et al., 1998) .
C. glutamicum PEPC has eight lysines that can be acetylated and/or succinylated ( Fig. 2A) (Mizuno et al., 2016) . To examine the effect of acylation at these lysine residues on glutamate production, we replaced each one with arginine (non-acylation mimic), glutamine (acetylation mimic) or glutamate (succinylation mimic). We found that the K653Q acetylation mimic mutation (NM40) abolished glutamate production (Fig. 2B, right) . In contrast, the K653R non-acylation mimic mutant (NM38) retained glutamate production, although the final glutamate concentration did not reach wild-type levels. Neither the K653R nor the K653Q mutation affected growth (Fig. 2B, left) . These results suggested that acetylation at K653 negatively affects PEPC activity. Neither the KR nor KE mutations of K152, a succinylation site A. Positions of the lysine acylation sites in PEPC (Mizuno et al., 2016) . B. Effects of K653 mutations on growth (left) and glutamate production (right). Data are the mean and standard deviation of three independent cultures. Open circles, WT (ATCC13032); closed squares, PEPC-K653R mutant (NM38) and closed triangles, PEPC-K653Q mutant (NM40). Protein acetylation of PEPC in C. glutamicum 679 reproducibly detected in our previous succinylome study, did not affect glutamate production (data not shown).
The K653Q acetylation-mimic mutation negatively affects PEPC activity
To examine the effects of the K653 mutations on PEPC activity, we measured the kinetic parameters of recombinant PEPC proteins expressed in E. coli using phosphoenolpyruvate (PEP) as the substrate. We confirmed that an E. coli PEPC protein was not contaminated in the purified recombinant PEPC protein, using MS analysis (data not shown). The catalytic efficiency (k cat /K m ) of the K653Q mutant (0.02) was 90-fold lower than that of the wild-type enzyme (1.80), indicating that the K653Q mutation severely reduced PEPC activity (Table 1 ). The effect of the K653R mutation was modest compared with that of the K653Q mutation, and its catalytic efficiency (0.26) was 6.9-times lower than that of wild type (Table 1) . Since the K653Q mutation abolished glutamate production (Fig. 2B, right) , these results suggested that this acetylation-mimic mutation negatively affected glutamate production because of a decrease in PEPC activity.
As shown in the homology modeling of CgPEPC (Fig.  3A) , the K653 residue is positioned between the PEPbinding and aspartate-binding domains. Interestingly, the K653R non-acylation mimic mutant was more resistant to aspartate inhibition than the wild-type and K653Q acetylation-mimic mutant enzymes. In the presence of 10 mM aspartate, the K653R mutant retained 49.8% activity, while the activities of the wild-type and K653Q mutant enzymes were decreased to 19.5% and 24.0% respectively (Fig. 3B) . Similar results were reported with the K653G mutant of CgPEPC, which is partially resistant to feedback inhibition by aspartate and malate (Chen et al., 2014) . It was previously proposed that K653 is located close enough to affect the binding of PEP and aspartate, even though it does not directly interact with them (Chen et al., 2014) . A. The location of K653 on the modeled structure of CgPEPC. The modeled structure of CgPEPC was constructed based on the structure of E. coli PEPC (PDB code 1FIY) (Kai et al., 1999) . K653 is shown as a green stick. Residues involved in PEP binding and L-aspartate binding, which were predicted based on the amino acid sequence alignment with E. coli PEPC, are shown as cyan and magenta sticks respectively. B. PEPC activities relative to that in the absence of L-aspartate are shown. Data are the mean and standard deviation of three independent assays. Open circles, wild type; closed squares, K653R mutant and closed triangles, K653Q mutant.
Acetylation at K653 negatively regulates PEPC activity
Analysis of the K653 acetylation-mimic and nonacylation mimic mutants suggested that acetylation at K653 negatively regulates PEPC activity. To obtain evidence to support this hypothesis, we prepared an acetyllysine-incorporated PEPC protein at codon 653 (PEPC-K653 Ac ) using an E. coli cell-free protein synthesis system with an expanded genetic code (Mukai et al., 2010; Mukai et al., 2011) (Fig. 4A) . A PEPC-coding region that contains a TAG codon at codon 653 and a terminal TAA stop codon was used as the template for in vitro transcription and translation. Using a modified pyrrolysyl-tRNA synthetase that catalyzes aminoacylation of a pyrrolysine-specific tRNA with acetyllysine, we introduced an acetyllysine at codon 653 of PEPC. The site-directed incorporation of acetyllysine at position 653 was confirmed by ESI-Q-TOF MS and MS/MS analyses (Supporting Information Fig. S1 ).
After Ni-affinity purification, we obtained a mixture of two proteins: a major band of 100 kDa, which was considered full-length PEPC-K653 Ac , and a smaller band, which was thought to be a truncated form of PEPC, generated by translation termination at the amber codon at 653. Using gel-filtration chromatography, we obtained a fraction (no. 6) that contained only full-length PEPC-K653 Ac (Fig. 4B) . Gel-filtration chromatography of acetyllysine-free PEPC (PEPC-K653), which was synthesized in the same manner as PEPC-K653 Ac , yielded two major peak fractions (no. 6 and no. 7) containing PEPC. Fraction no. 6 exhibited PEPC activity, whereas no. 7 did not (Fig. 4C) . Then, we compared the PEPC activity of the no. 6 fractions from the PEPC-K653 and PEPC-K653 Ac chromatography runs and verified that PEPC-
K653
Ac showed substantially lower activity than PEPC-K653 (0.04 times that of PEPC-K653; Fig. 4C ). Based on this result, we concluded that acetylation at K653 was sufficient to negatively regulate PEPC activity.
Comparison with the molecular standards showed that the peaks in fractions no. 6 and 7 were 509 kDa and 166 kDa respectively (Fig. 4B) . Since the predicted molecular mass of CgPEPC is 103,198, we assumed that these molecules are a tetramer and a monomer, respectively, suggesting that the active form of CgPEPC was a tetramer, as was reported in maize (Walker et al., 1986) .
NCgl0616 is a sirtuin-type deacetylase that deacetylates PEPC-K653 Ac As described above, we showed that acetylation of PEPC at K653 negatively regulated activity, implying that deacetylation at K653 activates PEPC. The genome of C. glutamicum ATCC13032 has two sirtuin deacetylase homologues, NCgl0078 and NCgl0616. To elucidate the mechanism of PEPC activity control, we examined whether these two deacetylase homologues could remove an acetyl group from K653. We obtained a purified, C-terminal His-tagged NCgl0616 protein via heterologous expression in E. coli (Supporting Information  Fig. S2A ). NCgl0616 had the ability to deacetylate PEPC-K653 Ac in an NAD 1 -dependent manner, and its action was inhibited by nicotinamide ( Fig. 5 ; Supporting Information Fig. S2B ). This result indicated that NCgl0616 was a sirtuin-type deacetylase that could activate K653-acetylated PEPC by removing the acetyl group. Our attempt to examine the ability of NCgl0078 to deacetylate K653-acetylated PEPC was unsuccessful because we could not obtain soluble active protein.
Deacetylation of K653 is involved in a mechanism to maintain PEPC activity during glutamate production
It was previously reported that PEPC expression was decreased (2.3-fold in a transcriptome analysis and 1.8-fold in an MS-based proteomic analysis) when Tween 40 was added to induce glutamate production (Kataoka et al., 2006; Mizuno et al., 2016) . We cultivated C. glutamicum ATCC13032 for 9 h under non-glutamateproducing and glutamate-producing conditions and measured PEPC activity. PEPC activity under glutamate-producing and non-glutamate-producing conditions was nearly equivalent (Fig. 6, left panel) . However, the PEPC mRNA level was lower under glutamateproducing conditions than under non-glutamateproducing conditions (Supporting Information Fig. S3 ), which was consistent with the previous reports mentioned above. We speculated that there might be a mechanism to maintain constant PEPC activity despite the decreased expression.
To estimate PEPC activity in the lysates, we tried to determine the amount of PEPC protein by dot blot analysis using an anti-PEPC antibody. We used a calibration curve with purified PEPC protein to ensure the reliability of our dot blot method (Supporting Information Fig. S4A ). Consistent with a previous report (Mizuno et al., 2016) and our quantitative PCR analysis (Supporting Information Fig. S3 ), in the wild-type strain, the amount of PEPC protein was lower under glutamate-producing conditions than that under non-glutamate-producing conditions, whereas it was increased and largely unchanged under these two conditions in the K653R mutant (NM38) and deacetylase homologues (NCgl0616 and NCgl0078)-deleted (KS13) strains respectively (Fig. 6, middle panel) . Finally, we calculated the difference in the specific activity of PEPC in lysates under glutamate-producing and nonglutamate-producing conditions. The specific activity of PEPC in the wild-type strain was 1.7-times higher under Protein acetylation of PEPC in C. glutamicum 681 A. Schematic of the preparation of acetyllysine-incorporated PEPC protein. The PEPC protein is designed with an N-terminal histidine-rich affinity tag (N11-tag) followed by a TEV-protease recognition sequence (TEV). Acetyllysyl-tRNA Pyl , which was synthesized by the engineered pyrrolysyl-tRNA synthetase (PylRS), was used to translate UAG to acetyllysine. B. Gel filtration chromatography profiles (left) and 10% SDS-PAGE of fractions 5-8 followed by CBB-staining (right). Before GF, before gel filtration chromatography. C. PEPC activity in fractions 6 and 7 from gel filtration chromatography. White bars, PEPC-K653; black bars, PEPC-K653 Ac . Data are the mean and standard deviation of three independent assays. Activity relative to the K653 form is shown in parentheses.
glutamate-producing conditions than that under nonglutamate-producing conditions. Similar calculations with the PEPC-K653R mutant and deacetylase homologuesdeleted strains showed that the specific activity of PEPC was slightly decreased (0.5-fold) and unchanged (1.0-fold) under glutamate-producing conditions respectively (Fig. 6, right panel) . These results suggested that K653 and either one or both of the deacetylases is likely involved in the mechanism that maintains PEPC activity during glutamate production.
Disruption of PEPC increases the acetylation level under glutamate-producing conditions
We previously reported that global acetylation levels were decreased under glutamate-producing conditions, and deletion of the deacetylases (NCgl0078 and NCgl0616) or the AckA-Pta pathways involved in acetyl-P metabolism did not obviously affect global acetylation levels (Mizuno et al., 2016) . We assumed that this may reflect a metabolic state of cells where the carbon flux of the acid-producing pathways that generate acetylCoA and acetyl-P is depleted (Mizuno et al., 2016) . Interestingly, we found that deletion of PEPC enhanced acetylation (3.7-times higher than WT) under glutamateproducing conditions (Fig. 7A) . In contrast, deletion of PC did not obviously affect the acetylation level (equivalent to WT).
We also examined acetate production by the wild type and PEPC-deleted strains under glutamate-producing and non-glutamate-producing conditions (Fig. 7B ). In the wild type strain, we reproducibly observed lower acetate production under glutamate-producing conditions than under non-glutamate-producing conditions, suggesting that the carbon flux of acetate-producing pathways is depleted under glutamate-producing conditions. In the PEPC-deleted strain, increased acetate production was observed under glutamate-producing conditions; however, this was not observed in the PC-deleted strain under these conditions, for which acetate production was equivalent to that in the wild type strain (data not Fig. 6 . Changes in PEPC activity during glutamate production. C. glutamicum strains ATCC13032 (WT), NM38 (PEPC-K653R), and KS13 (DKDAC, deacetylase homologues [NCgl0616 and NCgl0078]-deleted) were cultivated in glutamate-production medium and harvested after 9 h of cultivation. PEPC activity normalized to total protein (left), the amount of PEPC protein estimated by dot blot analysis (middle), and relative PEPC activity normalized to the amount of PEPC protein (right) are shown. C, non-glutamate-producing conditions (white bars); T, glutamate-producing conditions induced by Tween 40 (black bars). Data shown are the mean and standard deviation of three independent assays. A representative data set of three biologically independent experiments is shown. Values in the right panel indicate the fold change in specific activity under glutamate-producing conditions relative to that under nonproducing conditions. The dot blot data are shown in Supporting Information Fig. S4B . 
K653
Ac was incubated with purified His-tagged NCgl0616 protein and 1 mM NAD 1 at 30˚C for 24 h. A reaction mixture containing 0.25 lg PEPC protein was separated by 8% SDS-PAGE and analyzed by western blotting using a mouse monoclonal antiacetyllysine antibody. After membrane stripping, the blotted membrane was reprobed by an anti-PEPC antibody. For the negative control, the NCgl0616 protein in the reaction mixture was replaced with an equal molar amount of BSA. Lane 5 contained 20 mM nicotinamide (NAM), an inhibitor of sirtuin-type deacetylases.
Protein acetylation of PEPC in C. glutamicum 683 shown). These results suggested that the carbon flux of the acetate-producing pathways was reversed by deletion of PEPC.
Discussion
In this study, we characterized the role of acetylation of PEPC at K653 in glutamate production by C. glutamicum. The K653 residue of PEPC, which is an acetylation target, was critical for glutamate production (Fig. 2) . K653 is located between the PEP-binding and aspartate-binding domains in the modeled structure, and mutation or modification of K653 likely affects PEPC activity as well as feedback inhibition by aspartate (Fig. 3) , as described previously (Chen et al., 2014) . We also demonstrated that acetylation at K653 negatively regulates PEPC activity (Fig. 4) . Although we have not identified a protein acetylase responsible for acetylation of K653, a non-enzymatic mechanism might be responsible for K653 acetylation, since acetyl-P and acetyl-CoA, which are utilized for non-enzymatic acetylation, likely accumulate in cells under non-glutamateproducing conditions (Mizuno et al., 2016) (Fig. 8, left) . In our preliminary study, K653 of PEPC was acetylated without an enzyme by 1 mM acetyl-P or 0.1 mM acetylCoA in vitro (data not shown).
We showed that despite the decreased PEPC protein levels during glutamate overproduction, PEPC activity was maintained, suggesting that the enzyme is regulated at the post-translational level. We also provided evidence that K653 and deacetylases are involved in the post-translational regulation of PEPC (Fig. 6) . In addition, we demonstrated that the sirtuin-type deacetylase NCgl0616 deacetylated PEPC-K653 Ac in vitro (Fig.   5 ). It is likely that deacetylation of K653 by NCgl0616 activates PEPC in a mechanism that maintains PEPCmediated metabolic flux at a high level under glutamateproducing conditions, even though the amount of PEPC protein is reduced. Consistent with this idea, our previous analysis showed that acetylation of PEPC at K653 was decreased as the level of NCgl0616 protein increased (2.7-fold) under glutamate-producing conditions (Mizuno et al., 2016) . However, in a previous study (Mizuno et al., 2016) , we also showed that deletion of NCgl0616 and NCgl0078 did not affect glutamate A. C. glutamicum strains ATCC13032 (WT), MY66 (DPC) and MY100 (DPEPC) were cultivated under glutamate-producing conditions, and harvested after 9 h of cultivation. Lysates containing 30 lg of protein were separated by 10% SDS-PAGE followed by ponceau staining and analyzed by western blotting using a mixture of polyclonal anti-acetyllysine antibodies. A representative data set of more than three biologically independent experiments is shown. B. Acetate production by C. glutamicum ATCC13032 (WT, circles) and MY100 (DPEPC, triangles). C. glutamicum cells were grown in glutamate-producing (closed symbols) and non-glutamate-producing (open symbols) conditions. After sampling aliquots of the culture at the indicated time points, the acetate concentration in the supernatant was examined. Data are the mean and standard deviation of three independent assays. A representative data set of three biologically independent experiments is shown.
production. This is probably due to a pleiotropic effect of the deletion of deacetylases. These deacetylases probably have multiple substrates, and the increased acetylation caused by deletion of the deacetylases may have both positive and negative effects on glutamate production. The increase in the specific activity of PEPC during glutamate production was blocked by deletion of the deacetylases, suggesting that either NCgl0616 or both of the deacetylases is responsible for activating PEPC during glutamate production. We found that PEPC, rather than PC, provided the major anaplerotic function, supplying oxaloacetate during glutamate overproduction in the ATCC13032 strain used in this study. Our result was inconsistent with those of previous reports showing that PEPC was dispensable for glutamate production under temperaturetriggered and Tween 60-triggered conditions (Delaunay et al., 1999; Peters-Wendisch et al., 2001 ). We do not know the reason for this discrepancy; however, it might be due to the differences in the strains or the methods used to trigger glutamate overproduction. Disruption of PEPC, but not PC, enhanced protein acetylation and acetate production under glutamate-producing conditions (Fig. 7) . This result suggested that under glutamate-producing conditions, a large portion of the metabolic flux is shifted toward the anaplerotic pathway mediated by PEPC rather than toward acetateproducing pathways, as described previously (Mizuno et al., 2016) (Fig. 8, middle) , and it also suggested that blockage of PEPC activity shifted the metabolic flux toward the acetate-producing pathways that generate acetyl-CoA and acetyl-P (Fig. 8, right) . This result also supports our idea that in our ATCC13032 strain, PEPC, rather than PC, is responsible for the large metabolic flux under glutamate-producing conditions. The flux redistribution of 2-oxoglutarate, which is well known during glutamate production, is caused by the OdhI protein that inhibits 2-oxoglutarate dehydrogenase activity depending on its phosphorylation status (Niebisch et al., 2006; Schultz et al., 2007; Kim et al., 2011) . This shifts metabolic flux toward glutamate synthesis rather than toward the citrate cycle. Such flux redistribution also occurs at PEP, and we considered that activation of PEPC by deacetylation at K653 might contribute to the flux redistribution of PEP. It is interesting that the two protein modifications, phosphorylation and acetylation, are involved in the metabolic flux changes during glutamate overproduction.
It has been reported that non-enzymatic protein acylation is a carbon stress and that sirtuin-type deacetylases play a role in protein quality control (Wagner and Hirschey, 2014) . Activation of PEPC by NCgl0616-dependent deacetylation at K653 might be an example of this control. Genetic alteration of lysine to residues that cannot be acetylated is one approach that could be used to generate a strain resistant to protein acylation- Fig. 8 . Hypothesis for the effects of PEPC deacetylation and PEPC deletion on metabolic flux. Under non-glutamate-producing conditions, carbon flux is largely shifted toward acetate-producing pathways (left), in which protein acetylation is actively occurring (Mizuno et al., 2016) . Acetylation at K653 negatively regulates PEPC. Under glutamate-producing conditions (middle), PEPC flux is abundant, while flux toward the acetate-producing Pta-AckA pathways is depleted, and protein acetylation is inactive (Mizuno et al., 2016) . PEPC is activated by deacetylation at K653. Negative regulation of 2-oxoglutarate dehydrogenase by OdhI also shifts flux toward glutamate synthesis. Deletion of PEPC (right) shifts carbon flux toward acetate-producing pathways, which increases protein acetylation.
Protein acetylation of PEPC in C. glutamicum 685 related carbon stress. For example, the PEPC-K653R mutant protein is resistant to feedback inhibition by aspartate and maintains enzymatic activity. Our results provide evidence for the impact of protein acylation on glutamate fermentation as well as new targets for metabolic engineering in C. glutamicum.
Experimental procedures
Bacterial strains and culture conditions C. glutamicum ATCC13032 (JCM1318) was used as the wild type strain. All strains used in this study are shown in Table 2 . Deletion mutants of PEPC (NCgl1523) and PC (NCgl0659) were constructed by a two-step homologous recombination method (Schafer et al., 1994) , as described previously (Mizuno et al., 2016) . Briefly, upstream and downstream regions ( 0.5 kb) of the target gene were amplified by PCR using the primer sets f1/r1 and f2/r2, respectively, and then joined by SOE-PCR using the f1/r2 primers. The resulting PCR products were cloned into a pK18mobsacB-based plasmid and introduced into the ATCC13032 strain by electroporation. Kanamycin resistance and sucrose tolerance were used as the positive and negative selection markers for the first and second recombination events respectively. To construct the K653 mutants of PEPC, DNA fragments containing the upstream region, the coding region, containing the desired point mutation (K653R or K653Q), and the downstream region of NCgl1523 were amplified using the f1/r4 and f4/r2 primer sets, cloned into a pK18mobsacB-based plasmid, and introduced into a DPEPC strain (MY100), followed by two-step homologous recombination. Selected mutants were screened by PCR amplification using the f3/r3 primers, which anneal to regions outside the homologous arm regions and sequencing. All oligonucleotide primers and plasmids are listed in Supporting Information Table S1 .
C. glutamicum cells were grown in 25 ml of glutamate production medium (Mizuno et al., 2016) at 31.5˚C in 500 ml baffled flasks on a rotary shaker at 100 rpm. Tween 40 (1.5 g l
21
) was added at 3 h to induce L-glutamate production. L-glutamate and acetate levels in the culture medium were measured with the L-glutamate kit II (Yamasa) and F-kit (J. K. International) respectively.
Preparation of recombinant PEPC and NCgl0616 proteins
Recombinant PEPC (wild type and mutant) proteins were expressed as N-terminal His 8 -tagged proteins in E. coli BL21-CodonPlus(DE3) (Agilent) cells using the pHis8 vector (Jez et al., 2000) . The PEPC-coding region was amplified from ATCC13032, NM38 and NM40 genomic DNA templates by PCR using the pHis8-1523-f and pHis8-1523-r primers. The pHis8 vector was amplified by PCR using the pHis8-f and pHis8-r primers. Then, the two resulting PCR products were connected using the In-Fusion HD Cloning kit (Clontech). The resulting plasmids were introduced into E. coli BL21-CodonPlus(DE3) to generate NM35 (PEPC_WT), NM36 (PEPC_K653R) and NM37 (PEPC_K653Q) respectively. Recombinant NCgl0616 protein was expressed as a C-terminal His-tagged protein in E. coli BL21(DE3) cells using the pET21a vector (Novagen). The NCgl0616-coding region was amplified by PCR using the pET21-0616-f and pET21-0616-r primers and cloned into pET21a. The resulting plasmid was introduced into E. coli BL21(DE3) to generate NM45. E. coli cells were grown in 23 YT medium at 37˚C for 3 h. Then, 0.1 mM IPTG was added to induce enzyme expression, and the cells were cultivated at 25˚C for 18 h. The cells were harvested and lysed in TESG30 buffer (0.1 M TES-NaOH pH 7.6 and 30% glycerol) containing 1 mM PMSF and subjected to affinity purification using Ni-NTA His Bind resin (Millipore). Histagged proteins were eluted with TESG30 buffer containing 200 mM imidazole. The eluted proteins were concentrated using a Vivaspin 20 column (10,000 Da MWCO; Sartorius), followed by buffer exchange using a PD10 column (GE Healthcare) with TESG30 buffer, and utilized for enzyme assays.
Measurement of PEPC activity
PEPC activity was assayed at 25˚C through a coupling reaction catalyzed by malate dehydrogenase as previously described (Mori and Shiio, 1985; Endo et al., 2007; Chen et al., 2014) with minor modifications. Briefly, purified PEPC protein (1 lg) or lysate (0.1 mg) was incubated in a reaction containing 100 mM Tris-HCl (pH 8.5), 10 mM MnSO 4 , 10 mM NaHCO 3 , 0.1 mM NADH, 0.1 mM acetyl-CoA and 3 IU of malate dehydrogenase. Then, the reaction was started by the addition of 6 mM PEP, and the initial rate of NADH consumption was monitored spectrophotometrically at 340 nm. In reactions containing cell lysates, endogenous NADH consumption in the absence of PEP was subtracted from the NADH consumption in the presence of PEP. One unit of PEPC activity was defined as the oxidization of 1 mmol of NADH per min. Michaelis-Menten kinetic parameters were calculated by SigmaPlot (version 12.3) using triplicate data.
Preparation of acetyllysine-incorporated PEPC
The acetyllysine-incorporated PEPC protein (PEPC-K653 Ac ) was prepared with an in vitro translation system as previously described (Kigawa et al., 2004; Mukai et al., 2011; Wakamori et al., 2015) . Briefly, a PEPC-coding region containing a TAG codon at position 653 (for the incorporation of acetyllysine) and a terminal TAA stop codon was cloned into pCR2.1 (Invitrogen). The PEPC protein was designed to have an N-terminal histidine-rich affinity tag (N11-tag) followed by a TEV-protease recognition sequence (MKDHLIHNHHKHEHAHAEHLYFQ* GSSGSSGM, where * indicates the TEV-protease cleavage site and M indicates the N-terminal methionine of PEPC). The PEPC proteins were synthesized with a cell-free protein synthesis system (Kigawa et al., 2004) using acetyllysine (Bachem AG), an engineered pyrrolysyl-tRNA synthetase (PylRS), an UAG-recognizing tRNA Pyl derived from Methanosarcina mazei, and S30 extract prepared from prfA-eliminated "RFzero" E. coli BL21 cells (Mukai et al., 2011; Wakamori et al., 2015) . tRNA Pyl was prepared by in vitro transcription. The engineered PylRS was overproduced in E. coli. These were used to translate UAG as acetyllysine. From a 3 ml cell-free protein synthesis reaction, 7.5 mg of acetyllysine-incorporated (K653 Ac ) PEPC and 9.6 mg of acetyllysine-free (K653) PEPC were synthesized. The synthesized PEPC was purified using a HisTrap HP affinity column (GE Healthcare) followed by desalting with a HiPrep 26/10 desalting column (GE Healthcare) and then treated with TEV protease, which was overproduced in E. coli and affinity purified, to remove the N11-tag. Then, the cleaved PEPC was reapplied to a HisTrap HP column, and the flow-through fraction containing PEPC was collected. To separate full-length PEPC from the truncated form, gel filtration chromatography was performed with a Superdex 200 10/300 GL column (GE Healthcare) using TESN150 buffer (20 mM TES-NaOH, pH 7.6, and 150 mM NaCl). Fraction 6, containing only full-length PEPC, was collected and used to measure PEPC activity. Acetyllysine-free PEPC (PEPC-K653) was also synthesized with the cell-free dialysis system and purified as described for the acetyllysine-incorporated PEPC. The site-directed incorporation of acetyllysine was confirmed by ESI-Q-TOF MS and nano LC-MS/MS analyses (Supporting Information Fig. S1 ).
Deacetylation assay

PEPC-K653
Ac (0.6 lM) was incubated with the recombinant His-tagged NCgl0616 protein as a deacetylase enzyme (8 lM) in a reaction mixture containing 50 mM TES-NaOH (pH 7.6), 50 mM NaCl, 0.2 mM Tris (2-carboxyethyl) phosphine hydrochloride and 1 mM NAD 1 for 24 h at 30˚C. If necessary, 2 mM nicotinamide was added. The reactions were separated by 8% SDS-PAGE and analyzed by western blotting using anti-acetyllysine and anti-PEPC antibodies.
Western blot analysis
Western blot analyses were performed as described previously (Mizuno et al., 2016) . Proteins were separated using SDS-PAGE, and then transferred onto an Immobilon-P membrane (Millipore), using a Trans-Blot Turbo Blotting apparatus (Bio-Rad). To detect protein acetylation, a mixture of rabbit polyclonal anti-acetyllysine primary antibodies (Cell Signaling and Rockland) or a mouse monoclonal antiacetyllysine primary antibody (Cell Signaling, AcK-103) was used (1:1000 dilution). To detect PEPC protein, an anti-PEPC antibody (Agrisera) was used (1:1000 dilution). The blot was then incubated with a horseradish peroxidaseconjugated goat anti-rabbit or anti-mouse secondary antibody (1:5000 dilution) for 1 h at 25˚C. Signals were detected using an LAS4000 image analyzer (GE Healthcare). Densitometric analysis of western blots was performed using an ImageQuant TL software (ver. 8.1, GE Healthcare). Restore TM Western Blot Stripping Buffer (Thermo Fisher Scientific) was used for membrane stripping, if reprobing was necessary.
Estimation of PEPC activity in lysates C. glutamicum ATCC13032, NM38 (PEPC-K653R) and KS13 (NCgl0078 and NCgl0616 deleted) strains were grown in glutamate production medium and harvested after 9 h of cultivation. The cells were washed twice with 0.2 M KCl and lysed in TESG30 buffer containing 1 mM DTT, 1 mM PMSF, 10 mg ml 21 DNase and 10 mg ml 21 RNase by sonication. After removal of cell debris by centrifugation (34,700g, 20 min, 4˚C), the cleared lysate was subjected to buffer exchange with TESG30 buffer using a PD10 column (GE Healthcare). Protein concentration was measured with the Quick Start Bradford protein assay (Bio-Rad). PEPC activity in lysate containing 0.1 mg of protein was measured as described above. To estimate the amount of PEPC protein in the lysate, after buffer exchange with 0.1 M TES pH 7.6 using a Vivaspin 20 column to remove glycerol, lysate containing 20 lg of total protein was blotted onto a PVDF membrane and subjected to Ponceau staining and dot blot analysis using an anti-PEPC antibody (1:1000; Agrisera). The amount of PEPC in the lysate was estimated by the PEPC signal intensity normalized to the intensity of Ponceau staining. PEPC activity was calculated after normalization to total protein content and the amount of PEPC in the lysate. 
